We developed a hyperspectral microscopic imaging (HMI) platform that can precisely identify and quantify 10 molecular markers in individual cancer cells in a single pass. The exploitation of an improved separation of circulating tumor cells and the application of HMI provided an opportunity (1) to identify molecular changes in these cells, (2) to recognize the coexpression of these markers, (3) to pose an important opportunity for noninvasive diagnosis, and (4) to use targeted therapy. We balanced the intensity of 10 fluorochromes bound to 10 different antibodies, each specific to a particular tumor marker, so that the intensity of each fluorochrome can be discerned from overlapping emissions. Using 2 touch preps from each primary breast cancer, the average molecular marker intensities of 25 tumor cells gave a representative molecular signature for the tumor despite some cellular heterogeneity. The intensities determined by the HMI correlate well with the conventional 0-31 analysis by experts in cellular pathology. Because additional multiplexes can be developed using the same fluorochromes but different antibodies, this analysis allows quantification of many molecular markers on a population of tumor cells. HMI can be automated completely, and eventually, it could allow the standardization of protein biomarkers and improve reproducibility among clinical pathology laboratories. (Translational Research 2012;159:366-375) Abbreviations: 2D ¼ 2-dimensional; 3D ¼ 3-dimensional; CCD ¼ charge-coupled device; CD ¼ clusters of differentiation; CTC ¼ circulating tumor cell; DAPI ¼ 4',6-diamidino-2-phenylindole; ER ¼ estrogen receptor; HER2 ¼ human epidermal growth factor receptor 2; HMI ¼ hyperspectral microscopic imaging; IDL ¼ Interactive Data Language; IgG ¼ immunoglobulin G; ITC ¼ individual tumor cell; PR ¼ progesterone receptor; TC ¼ tumor cell; uPAR ¼ urokinase plasminogen activator receptor
The paradigm of cancer treatment has emphasized the need for extensive molecular profiling of the cancer. The recognition of protein biomarkers and genomic alterations in primary cancers has been shown to predict response to treatment (predictive markers) 1,2 and determine prognosis. [3] [4] [5] The identification of pivotal genomic alterations that can be targeted is exemplified by the treatment of human epidermal growth factor receptor 2 (HER2) oncoprotein overexpressing cancers with the anti-HER2 monoclonal antibody trastuzumab. 6, 7 The success of this strategy resulted in an intensive effort to understand cancer biology at a systems level. Multiparametric analysis at the single cell level is a technical hurdle that if crossed successfully could allow for the analysis of systematic (nonrandom) heterogeneity and could be informative of proteins and pathways that cooperate to generate specific phenotypes. Such information should facilitate the development of new targeted drugs and rationally designed combinations that intervene in defined signaling pathways to affect the natural progression of cancer, thus advancing the practice of truly individualized/personalized cancer therapy.
Using hyperspectral microscopic imaging (HMI) in this study, we present evidence that expansion and quantification of molecular signatures can be obtained on individual tumor cells (ITCs) stained with a panel of antibody-fluor conjugates that detect and quantify biomarkers of interest. The cells were obtained by touch preps of tumor tissue, capture of circulating tumor cells (CTCs), and by the use of cells from established cell lines. The result is an ability to analyze a large number of molecular markers on individual tumor cells and quantify their expression objectively and precisely. Clinical studies are in progress to define the level of expression of individual markers as well as nonrandom patterns of molecular markers within ITCs for correlative delineation of prognostic and/or predictive relevance.
MATERIALS AND METHODS
Hyperspectral microscopic imaging. An analysis of normal and tumor cells was performed by HMI. In contrast to conventional fluorescent microscopy, HMI systems can record the entire emission spectra of a fluorochrome in a single pass under the microscope. Each pixel in a scanned image radiates in more than 365-nm wavelengths and the HMI acquires the complete emission spectrum for every pixel. Pixels in the current studies were 0.3 mm in size. For each pixel, the emission spectrum was acquired followed by processing of the data using a spectral deconvolution algorithm. The deconvoluted signal attributable to each dye that is proportional to the amount of molecular marker expression is then presented for viewing with artificial colors designed to mimic those observed using conventional microscopy. These can then be viewed individually, or as overlays, and an inspection of these views enables the users to characterize the expression level following traditional (subjective, 0 to 31) methods. A software package fits each pixel in a scanned image to a library of emission spectra for every fluorochrome. A spectrograph and computer analysis results in the separation and precise quantification of each fluorochrome despite overlapping emission spectra. For our purposes, HMI evaluates fluorescent antibody-based conjugates. Each conjugate represents an antibody to a different molecular marker, which is conjugated to a different fluorochrome. Therefore, the amount of the fluorescence intensity of each conjugate bound to the tumor cell gives a value for the level of expression of that molecular marker. A linear relationship exists between the fluorescence intensity value and the amount of protein measured. The number of molecules of a fluorochrome conjugated to an antibody is measured readily. Thus, software adjustments can be made for different batches of the same conjugate that have different average numbers of the same fluorochrome. Each fluorescent conjugate was used by itself or as part of a 10-tumor marker multiplex AT A GLANCE COMMENTARY Uhr J, et al.
Background
Protein biomarkers and genomic alterations in primary cancers have been shown to predict the response to treatment and determine prognosis. Identification of pivotal genomic alterations that can be targeted is exemplified by treatment of HER2 overexpressing cancers with the anti-HER2 monoclonal antibody trastuzumab. Multiparametric analysis at the single-cell level allows characterization of many proteins and signaling pathways that generate particular phenotypes.
Translational Significance
Improved capture of circulating tumor cells and hyperspectral microscopic imaging facilitate identification and quantification of many molecular markers in cells at different times, recognition of co-expression of markers, and, thereby, allow non-invasive diagnosis and improved targeted therapy.
to stain touch preps. The multiplex was considered complete only after the final results showed virtually identical values indicating no steric hindrance (or any other effect of the multiplex on expression of the individual conjugate).
HMI system and operation. The HMI system is composed of an Olympus IX-70 inverted microscope (Olympus, Center Valley, Pa), SP-500i imaging spectrograph (Acton Instruments Acton Research Corporation, Acton, Mass), Quantix KAF1600 chargecoupled device (CCD) camera (Photometrics, Tucson, Ariz), and X-Y motorized stage (Ludl Electronic Products Ltd, Hawthorne, NY). [8] [9] [10] [11] The movement of the stage and acquisitions of the camera are controlled by in-house VC11 programmed software running on a personal computer with the Windows XP operating system (Microsoft Inc, Redmond, Wash). The system records the full spectrum of a line of pixels from the sample image and moves the stage to the next line based on the slit width of the spectrograph and the objective power of the microscope. A microscope filter cube is used to excite the samples with 290 nm to 480 nm lamp radiation and permits the long pass of 420 nm and higher radiation emitted by the sample to reach the spectrograph's entrance slit. A 603 objective is used for cell scanning. The spectrometer grating (150 grooves per mm) and CCD array size (1536 3 1024 pixels of size 9 mm 3 9 mm) enables a spectral acquisition range from 420 nm to 785 nm for the scans. [8] [9] [10] This combination of a single excitation band and long pass emission band provide the HMI with the novel capability to collect highly accurate continuous emission spectra. The entrance slit of the imaging spectrograph is coupled to the slide port of the microscope, and the CCD camera is mounted on the exit port of the spectrograph. The spectrum of the sample is focused on the CCD array, and thus, the irradiance intensity at the sample is also the intensity received at the CCD array.
The spectrometer entrance slit, set at 72 mm wide, views a width of the sample of 1.2 mm with a 603 objective and a length of 233.3 mm (14-mm long slit). Thus, each acquisition of the CCD camera will record the spectra radiating from a 1.2-mm width and cover a spatial length of 233.3 mm. The data presented used a 60x magnification such that each camera pixel represents 0.3 mm by 0.3 mm (2 3 2 binning). The spatial resolution along the slit length is set by the magnification and camera pixel size, whereas the perpendicular spatial resolution is set by the slit width. Spatial resolution can be improved by reducing the slit width. 8 The HMI data acquisition sequence begins with the operator using a joystick to move the slide around above the microscope objective and optically select each cell for imaging. The cell is then scanned automatically. The spectra from 1 line crossing the sample at a time are recorded by the CCD camera, downloaded, and stored on the computer. The stage is controlled to move 1 imaged-slit-width at a time. The stage is stepped and spectra are recorded until the sample has been moved the full scan distance. A full scan sequence records on the computer hard drive an image cube of data consisting of spectral images. The image cube data are values which are 4-dimensionally related; 2 spatial (plane of the cell), 1 wavelength, and 1 intensity vs wavelength.
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Data cube analysis. Data cube files are transferred to other computers for analysis because the analysis software is independent of the acquisition software. Each 2-dimensional (2D) image of the spectra is integrated along the wavelength axis to give a line of intensityvaried pixels. The lines of pixels can be displayed adjacently in a picture to show a composite image of the scanned sample. But, more importantly, the image cube data are analyzed for spectral content.
The analysis programming is written in ITT Visual Information Solutions' Interactive Data Language (IDL). The analysis package begins with a graphical user interface for selecting the image cube of interest. 11 Next, the number and type of fluorochromes for deconvolution are selected through another graphical user interface. Then, the user is provided with the composite image, as described previously, to select interactively the region of interest that contains the cell or cells for analysis.
The software uses the IDL Curve_Fit function to determine the best least squares fit of a user-defined linear combination of the 11 spectra; 10 fluorochrome standards from the library and 1 background spectrum. The output is the set of coefficients for each standard spectrum that indicates the relative amount of each fluorochrome standard in the data spectrum. 11 Next, these best-fit coefficients for each marker are processed with the IDL WaterShed function to use its segmentation results to separate marker valves from background values. The final cell boundaries are determined from these results, and the cell morphology parameters are calculated. The average intensity for each marker is calculated by summing all the segmented coefficient values of a particular marker inside the cell boundary and dividing by the cell area. The marker values are also used to determine total marker intensity and marker pixels in the cell above a threshold. The marker data for each cell is saved in a 32-bit floating point Tagged Image File Format. Figure 1 provides a representative sample of fluorescing spectra emitted from a 10-marker stained MCF7 cell. Analysis software provides a wavelengthintegrated grayscale 2D image of the cell (Fig 1, A) , which can be queried interactively to display lines of spectra (Fig 1, B and C) or single-pixel spectra (Fig 1,  D-F) . 11 A line display provides the spectra along a spatial length of the image and is presented in a 3-dimensional (3D) graph format. The axes of the 3D graph are wavelength (l) in nanometers, spatial (y) in microns, and intensity in counts/s. The software permits the scales to be varied and the coordinates system rotated. Single-pixel spectra are provided in 2D graphs but with overlays of the standard spectra used in the deconvolution and plotted proportional to their contribution to the total spectrum. The closely matching overlay of the sum (thick red) of all the standards (thin colors), including the background (thin black), onto the data spectrum (thick black) indicates the degree of accuracy in the deconvolution (Fig 1, D-F) . Observing the number of the standard curves (thin colors) visible on a graph is a quick count of the number of markers present in that single pixel, as 9 of 10 are present in Fig 1, F. Qualitative and quantitative analysis. An important correlative step allows us to display the cell for qualitative assessment by a certified pathologist from our team and other members of our Department of Pathology for quality control. Each marker value, as arrayed within the cell area, can be displayed separately or in combination. To assist in the assay, the markers can be false colored to match current pathology staining protocols and, especially when displayed in combinations, to distinguish 1 marker from another within the cell. The quantitative intensity values allow us to compare expression levels directly. In Figs 2 and 3, we show images of cell markers generated with the ''cell average'' method to represent the concentration levels with color intensity similar to that observed by pathologist for those fluors in the visible range.
In addition to spectral quantification, the analysis program computes 8 morphologic parameters simultaneously that are measured during analysis of each cell: These are cell area, cell perimeter, nuclear area to cell area ratio, cell long axis, cell short axis to long axis ratio, measured area to calculate ellipse area ratio, measured perimeter to calculated ellipse perimeter, and orientation angle. Graphs are made of average marker intensity and cell morphologic parameters.
Several HMI instruments have become commercially available (CitoViva Inc, LightForm Inc, Nikon Instruments Inc, etc) since we began to develop our HMI platform a decade ago. 12 To our knowledge, there are no published reports of quantification of a 10-color multiplex using one of these instruments. As described in Methods, there are many critical steps involving mechanics, microscopic, computer, and cellular analyses to accomplish a multicolor quantitative analysis.
Preparation of samples. Using polylysine-coated slides, touch preps of fresh breast cancer tissue were performed as described previously 13 or tumor cells (TCs) from cell lines were dropped gently onto slides and dried for 2 h at 37 C, then fixed for 10 min in ice cold acetone and stored at -80 C until stained. CTCs were captured from whole blood by an immunomagnetic assay as described previously. 14, 15 Antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, Calif) and fluorochromes from Molecular Probes Inc (Eugene, Ore). Conjugation was performed according to the manufacturer's instructions. The TCs were stained with the conjugates, and the position of each TC on the slide was recorded by the microscopist examining the cytomorphology and the staining for cytokeratin and CD45. The ITCs were examined by HMI to determine the expression of each molecular marker. The TCs were stained with mouse monoclonal immunoglobulin G1 (IgG1), IgG2a, rabbit IgG, and goat IgG not specific to human antigens as negative controls. The specificity of each antibody conjugate was confirmed by analyzing reactions with appropriate cell lines with known expression levels for each molecular marker and with touch preps to ensure that both negative and positive results could be obtained. Two normal breast epithelial cell lines, which were recently established and characterized by Dr. David Euhus (University of Texas Southwestern Medical Center), were studied along with 5 neoplastic cell lines and clinical samples. The study conformed to the ethical guidelines for human and animal research. All human specimens were obtained after informed consent and were collected using protocols approved by the Institutional Review Board at the University of Texas Southwestern Medical Center, Dallas, TX.
Statistics. Statistical values were computed using the library functions provided in Microsoft Office Excel 2007. Error bars on graphs represent the 6 1 standard deviation of the mean. The R 2 value computed is the Pearson product moment correlation coefficient squared. Students t tests were used to compare the concordance of the 2 pathologists' subjective 0-31 evaluations of the cell markers. Probabilities of P , 0.05 were considered significant.
RESULTS
The current study focused on the analysis of breast carcinoma as a prototype of cancer since analysis of molecular markers in breast cancer [eg, HER2, estrogen receptor (ER) and progesterone receptor (PR), etc] is a common approach in their evaluation by pathology and the levels of which affect treatment decisions for the patient.
We used touch preps to obtain ITCs on a slide rather than using routine paraffin embedded and formalin fixed tissue because the former improves analysis of cytomorphology. Fluorescent staining of touch preps allows the analysis of individual cells and facilitates the detection of nonrandom coexpression of specific molecular markers relevant to treatment decisions. Also, fluorescent staining identifies rare tumor cells such as putative cancer stem cells in a heterogeneous population. Ten different fluorochromes were used for each slide: 9 were conjugated to 9 different antibodies, each specific to a different molecular marker specifically selected for the analysis of breast cancer cells. One other fluorochrome, 4',6-diamidino-2-phenylindole (DAPI), stains the nucleus directly. The first aim was to quantify 10 molecular markers in a single pass of an ITC under the microscope. The development of this capacity to achieve a 10-tumor marker multiplex was complex because it was necessary to balance the intensity and background of the 10 different fluorochromes to decompose the spectral contributions of each fluor-antibody conjugate optimally. Figure 2 shows the 10 molecular markers multiplex: nuclear, cytokeratin, cluster of differential 45 (CD45), Notch1, ER, PR, HER2, B-cell lymphoma 2, Ki-67, and epithelial cell adhesion molecule. The MCF7 breast cancer cell line was chosen as it is known to express all 9 markers (CD45 neg), each of which are significant in cancer biology or clinical decision making. In preliminary studies, we have evidence that additional complexes of antibody-fluorochrome conjugates can be constructed easily using this same wavelengthoptimized set of fluorochromes by substituting 1 conjugate for another.
Initially, we quantified 10 molecular markers in 25 cells from 5 different cancer cell lines and 2 normal breast epithelial cell lines (providing 1700 measurements of tumor marker intensity). A representative cell was chosen from each cell line in Fig 3. This allowed us to obtain positive and negative controls for each conjugate. We showed previously that irrelevant immunoglobulins of the type used in the conjugates did not stain nonspecifically. This provided evidence that our results were concordant with those in the literature. In addition, it provided additional data on the extent of marker heterogeneity.
A visual examination of 25 TCs in a particular cell line showed a reproducible average tumor marker expression, although individual cells could vary substantially in expression of a particular molecular marker. As can be observed in Fig 3, the B cell lymphoma line Daudi expressed CD45 but not cytokeratin in contrast to the 4 carcinoma lines as expected. Also, the level of expression of markers on the cells of the 2 normal breast cell lines was markedly reduced compared to the cells of the 2 cancer cell lines: SKBr3 and MCF7.
We assessed the quantitative intensities output by the HMI for each molecular marker in tumor cells from clinical samples to correlate with the conventional pathologic analysis. Two authors (J.U. and H.L.) evaluated approximately 3000 cell images blinded to the nature of their source, including approximately 300 images that were inserted randomly in the set twice. These images were selected from the touch preps of 7 patients with breast cancer and from 5 patients with normal breasts or breasts containing benign tumors. The results showed that J.U. and H.L. had reproducibility errors of 15% and 20%, respectively. This was expected since this is a subjective analysis and the observer has to partition a very large range of image types and intensities into only 4 categories (0, 11, 21, and 31), the scale typically used to categorize pathology samples. When we compared the results of the 2 observers, there was approximately 75% concordance. We then compared the averages of subjective 0-31 analyses with that of the HMI analysis. Figure 4 shows a representative result with a highly significant Pearson correlation of 0.70, with a small standard error. We conclude that there is a general, but not a precise, concordance.
To evaluate tumor heterogeneity and reproducibility, we examined the number of tumor cells required to provide a ''representative'' quantification of the 10 molecular markers in a given cancer. There is no objective quantitative standard for reporting heterogeneity or variance in conventional pathologic analysis. 4, 16 To approach this, we conducted 2 successive touch preps from a single breast cancer tumor from 11 different breast cancer patients. In this preliminary study, the HMI analysis of HER2 status matched the pathology report in 10 of 11 tissue samples taken at the time of breast tumor removal. Using our previous pattern, we examined 25 cells per touch prep for all 10 markers (5500 measurements). We compared the average intensity of molecular marker expression between the 2 touch preps. Figure 5 shows a representative experiment analyzing molecular markers from 2 touch preps from the same tumor. A marked heterogeneity was found, even though a comparison of the standard deviations of the average expression of each molecular marker showed no statistically significant differences between each other. This confirms that there is considerable heterogeneity among cancer cells but that the average levels of each of the 10 molecular markers from 25 TCs seems to provide representation of the tumor's molecular signature.
DISCUSSION
The major findings of this article are as follows: (1) A hyperspectral microscopic imaging platform was developed that can precisely quantify 10 molecular markers in a single pass of an individual TC; (2) touch preps of tumor tissue can be used to search for nonrandom patterns of molecular marker expression in ITCs that indicate clinical bias and could lead to new hypotheses; (3) HMI analysis of 25 TCs in a touch prep gave a defined molecular signature despite considerable heterogeneity within each molecular marker assay; and (4) HMI values of particular molecular markers were shown to correlate with the conventional 0-3 1 subjective pathology analysis.
The claim of a ''representative'' analysis of a breast carcinoma by examining 25 TCs requires explanation. Using published data from clinical pathology laboratories, it is not possible to define ''representative'' in precise quantitative terms. There is significant heterogeneity within a given tumor, 16 and a subjective analysis among different laboratories shows considerable variability, eg. HER2, ER, and PR. 17, 18 However, a comparison of the average intensities of the molecular markers from 2 touch preps from the same tumor yielded relatively similar results despite considerable heterogeneity within a single touch prep. A reasonable correlation was found between the HMI numbers and those obtained by standard pathologist examination using a 0-31 analysis. This suggests that objective quantification has the potential to standardize analysis among different pathology laboratories provided the calculations for fluorescence expression were established for each tumor marker. The analysis is automated completely, and standardized instruments, procedures, and reagents are used. This will also require well-designed clinical correlative studies. However, once confirmed, there could be a major impact on standardizing the practice of reporting protein biomarkers and interlaboratory reproducibility.
The HMI analysis of ITCs adds to conventional pathologic analysis of molecular markers and to the vast repertoire of molecular assays currently under development for detection and quantification of both molecular markers and informative genes. [1] [2] [3] [4] [5] [19] [20] [21] [22] [23] Currently, the amplification of the HER2 gene remains the gold standard for selecting patients for anti-HER2 therapy. This direct comparison of subjective observations of HER2 expression with the HMI evaluation provides an important potential tool. The precise and rapid quantification with the HMI generates values for each molecular marker that are reproducible and lack observer bias; thus, HMI may supplant current methodologies. Additionally, the baseline values generated from analysis at primary diagnosis can be compared with subsequent values either in cells obtained from metastatic sites or CTCs, not only impacting treatment strategies but also providing a deeper understanding of the evolutionary biology of the patient's tumor. For example, the analysis of individual breast cells from touch preps and CTCs indicated that 70% of HER2-amplified tumor cells had coamplification of the urokinase plasminogen activator receptor (uPAR) gene, significantly higher than the product of the individual frequencies of the amplification of each gene, which lies on different chromosomes. 24 We hypothesized that uPAR amplification might be essential for HER2-amplified cells to exert their increased malignancy. Several studies [24] [25] [26] support this hypothesis. Their data suggest that a targeting drug to inactivate uPAR together with trastuzumab may have a synergistic effect. 27, 28 Caution is warranted, however, before the application of HMI into routine clinical laboratory practice. Although the value generated by the HMI for each tumor marker in a particular cell is objective, extensive clinical validation studies must be done to determine which values will indicate their clinical significance. For example, a prospective validation study of patients with HER21 tumors treated with trastuzumab using HMI and standard pathologic methods of HER2 analysis would be indicated to determine that the results generated by HMI define a biologically and clinically relevant status.
It is well known that tumors continue to evolve as they grow, progress, and metastasize. Each step in the progression of a tumor cell may be associated with additional genetic alterations and hence altered phenotypes. Continual phenotypic changes in cancer progression are a major obstacle to the individualization of treatment, particularly with regard to targeted therapy. It has been difficult to follow and document these changes and then harness the heterogeneity of tumors for effective treatment strategies because repeated invasive biopsies are not feasible.
It is also well known that significant heterogeneity can exist among metastases in a patient. Recently, because of the preceding reasons, there is considerable interest in characterizing CTCs. The development of various techniques and an automated instrument 5, 29, 30 that can count CTCs in recurrent breast, prostate, and colon cancer and thereby evaluate prognosis and efficacy of a treatment regimen has fueled recent attention and research in the field of CTCs. The evaluation of CTCs is now moving from mere enumeration of cells as a prognostic indicator to expand the interrogation of the molecular signature, which encompasses the genetic and proteomic aspects of these cells. A provocative example is the acquisition of HER2 overexpression and gene amplification in CTCs in breast cancer progression. 13, [30] [31] [32] [33] [34] Such patients may be candidates for treatment with anti-HER2 therapy but would not have been treated based on a negative primary tumor assay.
Conventional pathologic examination together with current fluorescence microscopy is insufficient to obtain the level of molecular profiling necessary to optimize new treatment regimens. HMI analysis of touch preps of tumor tissue and CTCs represents a major step forward because a large number of molecular markers can be detected and their expression precisely quantified in individual TCs. Eventually, this should have a positive effect on the prediction, prognosis, and prioritization of which targeting drugs should go into clinical trials. Coupled with extensive clinical experience, automation, standardization of HMI, and reagents, the exact values should replace subjective quantification and diminish or eliminate variation in results among different laboratories.
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